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
)LJ7KHWUXHVWUHVVVWUDLQFXUYHIRUWKHVWHHODWć>@
7KH WKUHHGLPHQVLRQDO ILQLWH HOHPHQW PRGHOV IRU WKH VSHFLPHQV ZLWK GLIIHUHQW LQSODQH DQG RXWRISODQH
FRQVWUDLQWVLQ7DEOHZHUHEXLOWDQGHLJKWQRGHLVRSHULPHWULFHOHPHQWVZLWKUHGXFHGLQWHJUDWLRQ&'5ZHUHXVHG
IRUDOOVSHFLPHQV'XHWRORDGLQJDQGJHRPHWU\V\PPHWU\RQO\WKRIWKHWKUHHSRLQWEHQGVSHFLPHQZDVPRGHOHG




FUDFNWLS UHJLRQ WKHPHVK UHILQHPHQW VKRXOGEHPRUHDWFUDFN WLS7KXVDFRPPRQPHVKFRQILJXUDWLRQKDYLQJD








VSHFLPHQZLWKW  PPB  PPDQGaW  
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)LQLWHHOHPHQWDQDO\VHV





VWUDLQ İp LV GHQRWHG DV 3((4 LQ$%$486 FRGH 7KH DUHD VXUURXQGHG E\ İp LVROLQH APEEQ LQ (T  JHQHUDOO\
LQFUHDVHVZLWKJLQWHJUDO,QRUGHUWRFDOFXODWHWKHAPEEQDFFXUDWHO\IRUFKDUDFWHUL]LQJFUDFNWLSFRQVWUDLQWV LWPXVW
HQVXUH WKDW WKH İp LVROLQHV DKHDGRI D FUDFNWLS DW WKHPD[LPXP IUDFWXUHJLQWHJUDO YDOXHGRQRW FRQQHFW WKRVH LQ
ORDGLQJUHJLRQQHDUWKHVXUIDFHRIVSHFLPHQV>@)LJVKRZVWKHİpLVROLQHVFRQWRXUVZLWKGLIIHUHQW İpYDOXHV




WKHSDUDPHWHUAp LQ(T  IRU DOO VSHFLPHQVZHUHFDOFXODWHGE\XVLQJ WKH VXLWDEOHİp LVROLQHVDW FUDFNWLS UHJLRQ
ZLWKRXWFRQQHFWLQJ WR ORDGLQJUHJLRQQHDUVSHFLPHQVXUIDFH:LWK LQFUHDVLQJPDWHULDO¶V IUDFWXUH WRXJKQHVVJc WKH
VXLWDEOH İp YDOXH IRU FDOFXODWLQJ WKHAp JHQHUDOO\ LQFUHDVHV >@ ,W KDV EHHQ YHULILHG LQ WKH SUHYLRXVZRUN RI
DXWKRUV >@ WKDW WKH SDUDPHWHU Ap DQG LWV FRUUHODWLRQ OLQHV ZLWK IUDFWXUH WRXJKQHVV DUH LQGHSHQGHQW RQ WKH





)LJ7KHHTXLYDOHQWSODVWLFVWUDLQ3((4FRQWRXUVZLWKGLIIHUHQWİpLVROLQHVIRUW\SLFDOVSHFLPHQDWDYHUDJH J  N-P
DDQGVSHFLPHQDWDYHUDJH J N-PEDORQJFUDFNIURQW
7RDQDO\]HWKHFDSDELOLW\RIWKHSDUDPHWHUApIRUFKDUDFWHUL]LQJDZLGHUDQJHRILQSODQHFRQVWUDLQWWKHAPEEQLQ
(TIRUWKHVSHFLPHQVZLWKWKHVDPHB PPDQGGLIIHUHQW W DQGPPWKHVSHFLPHQV
DQGLQ7DEOHZDVFDOFXODWHGE\XVLQJİp  LVROLQHVDWDW\SLFDODYHUDJHJLQWHJUDOYDOXHRIJave  
N-P DORQJ FUDFN IURQW WKH VSHFLPHQ WKLFNQHVV B 7R DQDO\]H WKH FDSDELOLW\ RI WKH SDUDPHWHU Ap IRU
FKDUDFWHUL]LQJDZLGHUDQJHRIRXWRISODQHFRQVWUDLQWWKHAPEEQ IRUWKHVSHFLPHQVZLWKWKHVDPHW PPDQG
GLIIHUHQWB PPWKHVSHFLPHQVLQ7DEOHZDVFDOFXODWHGE\XVLQJİp LVROLQHVDWWKHW\SLFDO
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WKH LQFUHDVHDPRXQWRIRXWRISODQHFRQVWUDLQW LV VPDOO7KHGLVWULEXWLRQVRIAp LQRWKHUVSHFLPHQV LQ7DEOHDUH






B PPDQGGLIIHUHQWWDDQGWKHVDPHW PPDQGGLIIHUHQWBEDWJave N-P
7KH SDUDPHWHUVQ DQGT EDVHG RQ FUDFNWLS VWUHVV ILHOGV DUH XVXDOO\ XVHG WR FKDUDFWHUL]H FRQVWUDLQW OHYHOV LQ







VV TTTT BLABLAQ  IRUU -ıDQGș   
ZKHUH TTV LV RSHQLQJ VWUHVV BLA TTV LV UHIHUHQFHRSHQLQJ VWUHVV REWDLQHGE\ D)(0SODQH VWUDLQ%/$ıLV \LHOG
VWUHVV rLVGLVWDQFHIURPDFUDFNWLSDQGș LVWKHSRODUDQJOH7KHVHFRQGWHUPTVWUHVVRIWKHOLQHDUHODVWLFFUDFNWLS
VWUHVV ILHOG ZDV FDOFXODWHG GLUHFWO\ E\ WKH FRPPHUFLDO FRGH $%$486 XVLQJ HODVWLF PDWHULDO PRGHO DW Jave  
N-PˈDQGZDVQRUPDOL]HGE\WKH\LHOGVWUHVVı
)LJ  VKRZV WKH GLVWULEXWLRQV RI WKH SDUDPHWHU QBLA DORQJ WKH FUDFN IURQW VSHFLPHQ WKLFNQHVV B IRU WKH
VSHFLPHQVZLWKWKHVDPHB PPDQGGLIIHUHQWW)LJDDQGWKHVDPHW PPDQGGLIIHUHQWB)LJ
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EHWZHHQLQSODQHDQGRXWRISODQHFRQVWUDLQWDQGWKLVDOVRFDQEHVHHQLQ)LJD)LJEVKRZVWKDWWKHVL]HRI











VDPHB PPDQGGLIIHUHQWWDDQGWKHVDPHW PPDQGGLIIHUHQWBEDWJave N-P
)LJXUH  VKRZV WKH GLVWULEXWLRQV RI WKH SDUDPHWHU T DORQJ WKH FUDFN IURQW VSHFLPHQ WKLFNQHVV B IRU WKH
VSHFLPHQVZLWKWKHVDPHB PPDQGGLIIHUHQWW)LJDDQGWKHVDPHW PPDQGGLIIHUHQWB)LJ
EDWJave N-P)LJDVKRZVWKDWWKHTVWUHVVGHFUHDVHVZLWKLQFUHDVLQJWKHWIURPPPWRPP
7KLV LPSOLHV WKDW WKH TVWUHVV LV VHQVLWLYH WR WKH LQSODQH FRQVWUDLQW LQGXFHG E\ WKH VSHFLPHQ ZLGWK W EXW LW
LQFRUUHFWO\VKRZVWKDWWKHVSHFLPHQZLWKW PPKDVWKHKLJKHVWFRQVWUDLQWDQGWKHVSHFLPHQZLWKW PP







VDPHB PPDQGGLIIHUHQWWDDQGWKHVDPHW PPDQGGLIIHUHQWBEDWJave N-P
815 M.Y. Mu et al. /  Procedia Engineering  130 ( 2015 )  803 – 819 
,Q JHQHUDO WKH UHVXOWV LQ )LJV  VKRZ WKDW WKH SDUDPHWHUAp LV VHQVLWLYH WR ERWK LQSODQH DQG RXWRISODQH
FRQVWUDLQWV ZLWK D ZLGH UDQJH DQG LW LV D XQLILHG SDUDPHWHU IRU FKDUDFWHULQJ ERWK LQSODQH DQG RXWRISODQH
FRQVWUDLQWV :KLOH WKH SDUDPHWHUV QBLA DQG TVWUHVV DUH RQO\ VHQVLWLYH WR WKH LQSODQH FRQVWUDLQW DQG FDQQRW
HIIHFWLYHO\FKDUDFWHUL]HWKHRXWRISODQHFRQVWUDLQWHIIHFW
4.2. Unified characterization of  a wide range of in-plane and out-of-plane constraint 
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4.3. Unified correlation of a wide range of in-plane and out-of-plane constraints with cleavage  fracture toughness 
,QRUGHU WRHVWDEOLVKXQLILHGFRUUHODWLRQRIDZLGHUDQJHRI LQSODQHDQGRXWRISODQHFRQVWUDLQWVZLWKFOHDYDJH
IUDFWXUHWRXJKQHVVRIWKHVWHHOWKHQRUPDOL]HGIUDFWXUHWRXJKQHVVKJcKrefDQGJcJrefYHUVXVWKHVTXDUHURRW pA RI
WKHSDUDPHWHUAp IRU DOO VSHFLPHQVZHUH SORWWHG DV VKRZQ LQ)LJ )LJV  VKRZV WKDW WKHKJcKref  pA  DQG
JcJref   pA UHODWLRQGDWDWKHWRXJKQHVVORFLIRUDOOVSHFLPHQVZLWKGLIIHUHQWLQSODQHDQGRXWRISODQHFRQVWUDLQWV
IRUPPRQRWRQLFOLQHVDQGWKHVFDWWHURIGDWDLVYHU\VPDOO&RPSDUHGZLWKWKHWRXJKQHVVORFLREWDLQHGE\XVLQJWKH












ZDV FKRVHQ WR EH D VWDQGDUG VSHFLPHQ UHIHUHQFH VSHFLPHQ DQG WKH FDOFXODWHGKJcKref  pA  DQG JcJref  pA 
FRUUHODWLRQOLQHVDUHVKRZQLQ)LJ,WLVLQWHUHVWLQJWRILQGWKDWWKHFRUUHODWLRQOLQHVLQ)LJDUHDOPRVWWKHVDPH
DVWKRVHLQ)LJDQGWKHGLIIHUHQWVWDQGDUGVSHFLPHQRQO\FDXVHVWKHFKDQJHRIWKHSRVLWLRQRIWKHGDWDSRLQWVRQ
WKH OLQHV$FKRLFHRIDUELWUDU\VWDQGDUGVSHFLPHQPD\REWDLQVLPLODU UHVXOW7KLV LQGLFDWHV WKDW WKHKJcKref  pA  
DQGJcJref   pA FRUUHODWLRQOLQHVDUHLQGHSHQGHQWRQWKHFKRLFHRIWKHVWDQGDUGVSHFLPHQ,QWKHSUHYLRXVZRUN>









)LJXUHV  DQG  UHSUHVHQW WKH WRXJKQHVV ORFL IRU FOHDYDJH IUDFWXUH RI WKH VWHHO H[DPLQHG LQ WKLVZRUN 7KH
IRUPXODHIRUWKHWRXJKQHVVORFLLQ)LJFDQEHILWWHGDVIROORZV
 Jc ref pK K A ˄ ˅   
818   M.Y. Mu et al. /  Procedia Engineering  130 ( 2015 )  803 – 819 
  c ref pJ J A    
7KHVHUHVXOWVVKRZWKDWWKHSDUDPHWHUApFDQEHXVHGWRREWDLQXQLILHGFRUUHODWLRQVRIDZLGHUDQJHRILQSODQH
DQG RXWRISODQH FRQVWUDLQWV ZLWK FOHDYDJH IUDFWXUH WRXJKQHVV ,Q DFFXUDWHO\ VWUXFWXUDO LQWHJUDO DVVHVVPHQWV
LQFRUSRUDWLQJERWKLQSODQHDQGRXWRISODQHFRQVWUDLQWHIIHFWVWKHXQLILHGFRUUHODWLRQOLQHVLQ)LJVDQGDQG
WKH IRUPXODH LQ (TV  DQG  FDQ EH XVHG WR GHWHUPLQH FRQVWUDLQWGHSHQGHQW RU VWUXFWXUDOO\ UHOHYDQW IUDFWXUH

















FXUYH7KLV VKRZV WKDW WKH SDUDPHWHU Ap LV VHQVLWLYH WR ERWK LQSODQH DQGRXWRISODQH FRQVWUDLQWV DQG LW FDQ
FKDUDFWHUL]HDZLGHUDQJHRILQSODQHDQGRXWRISODQHFRQVWUDLQWVDQGWKHLULQWHUDFWLRQ
%DVHG RQ WKH SDUDPHWHUAp WKH XQLILHG FRUUHODWLRQV KJcKref  pA  DQG JcJref   pA UHODWLRQ OLQHV RI DZLGH
UDQJHRILQSODQHDQGRXWRISODQHFRQVWUDLQWVZLWKFOHDYDJHIUDFWXUHWRXJKQHVVRIDVWHHOFDQEHREWDLQHG
7KHKJcKref pA  DQGJcJref   pA FRUUHODWLRQOLQHVDUHLQGHSHQGHQWRQWKHVHOHFWLRQVRIWKHVWDQGDUGVSHFLPHQ
UHIHUHQFH VSHFLPHQ DQG WKH İp LVROLQHVZKLFKPD\ EULQJ FRQYHQLHQFH IRU GHWHUPLQLQJ WKH FRUUHODWLRQ OLQHV
XVLQJDUELWUDU\VWDQGDUGRUQRQVWDQGDUGVSHFLPHQVZLWKGLIIHUHQWFRQVWUDLQWV
 ,QDFFXUDWHO\VWUXFWXUDOLQWHJUDODVVHVVPHQWVLQFRUSRUDWLQJERWKLQSODQHDQGRXWRISODQHFRQVWUDLQWHIIHFWVWKH











819 M.Y. Mu et al. /  Procedia Engineering  130 ( 2015 )  803 – 819 
































>@ - +HEHO - +RKH 9 )ULHGPDQQ ' 6LHJHOH ([SHULPHQWDO DQG QXPHULFDO DQDO\VLV RI LQSODQH DQG RXWRISODQH FUDFN WLS FRQVWUDLQW
FKDUDFWHUL]DWLRQE\VHFRQGDU\IUDFWXUHSDUDPHWHUV,QW-)UDFW±
>@ +-5DWKEXQ*52GHWWH7<DPDPRWR ,QIOXHQFHRI VWDWLVWLFDO DQGFRQVWUDLQW ORVV VL]H HIIHFWVRQFOHDYDJH IUDFWXUH WRXJKQHVV LQ WKH
WUDQVLWLRQ²$VLQJOHYDULDEOHH[SHULPHQWDQGGDWDEDVH(QJQJ)UDFW0HFK±







>@ <-.LP -6.LP60&KR<-.LP 'FRQVWUDLQW HIIHFWVRQ - WHVWLQJ DQG FUDFN WLS FRQVWUDLQW LQ076(%6(7 DQG&7
VSHFLPHQVQXPHULFDOVWXG\(QJQJ)UDFW0HFK±
>@ 56.XOND$+6KHUU\)UDFWXUH WRXJKQHVV HYDOXDWLRQ LQ&7 VSHFLPHQVZLWK UHGXFHGRXWRISODQHFRQVWUDLQW$60(3UHVVXUH
9HVVHOVDQG3LSLQJ&RQIHUHQFH$PHULFDQ6RFLHW\RI0HFKDQLFDO(QJLQHHUVSS±

